Visualization of Early Stage Damage Propagation During Hypervelocity Impacts on Brittle Materials  by Kimberley, J. & Ramesh, K.T.
 Procedia Engineering  58 ( 2013 )  678 – 683 
1877-7058 © 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the Hypervelocity Impact Society
doi: 10.1016/j.proeng.2013.05.078 
The 12th Hypervelocity Impact Symposium 
Visualization of Early Stage Damage Propagation During 
Hypervelocity Impacts on Brittle Materials 
 
J. Kimberley* & K.T. Ramesh 
Johns Hopkins University 
Department of Mechanical Engineering 
3400 N. Charles St. 
Baltimore, MD 21218 
Abstract 
The final outcome of an impact event (crater size, penetration depth) can be affected greatly by damage accumulation at early stages of 
the impact event when non-tensile stress states dominate. We have conducted hypervelocity impact experiments on bonded basalt/pyrex 
specimens utilizing high speed imaging to investigate the damage evolution at times before waves reflect from the lateral specimen 
boundaries. Results show that significant damage accumulates before the arrival of tensile release waves often associated with failure of 
brittle materials. Initially, a diffuse damage front propagates into the specimen at a speed close to the shear wave speed. As this damage 
front slows spatial instabilities appear along the damage front, which develop into localized damage zones. 
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1. Introduction 
Many studies of hypervelocity impacts in brittle materials are predominantly focused on the overall outcome of an 
impact event (the end state). For example, planetary scientists may be interested in the resulting fragment distribution [1, 2], 
or crater size/shape [3, 4] resulting from large-scale hypervelocity impacts. While these late stage phenomena are of primary 
interest, the overall outcome of an impact event can be affected greatly by damage accumulation at very early stages when 
non-tensile stress states dominate. This damage induced at early times alters the state of the material that is subjected to 
subsequent loading and may significantly affect the outcome of impact events. An improved understanding of the failure 
processes and associated damage accumulation throughout all stages of an impact event will lead to improved material 
models and higher fidelity simulations of impact events at large scales (e.g. impact cratering on the moon). 
Various forms of high-speed visualization have been employed to investigate the fracture, failure and fragmentation of 
brittle solids subjected to high-velocity impacts. Edge-on-impacts on thin plates use high-speed photography and 
transmitted light to investigate the damage evolution in glass [5] and transparent ceramics [6] via shadowgraphy and 
photoelasticity. These experiments allow for the propagation of damage into the specimen to be tracked in real-time, and 
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provide information about the failure processes activated in the target material. Note that the use of thin plates loaded on 
edge results in a state of plane stress that is significantly different from the triaxial stress states encountered in impact into a 
half-space. This difference in stress state may result in different failure processes being activated.
High-speed flash X-ray shadowgraphy has also been used in the armor ceramics community to investigate projectile
penetration into glass targets [7] and armor ceramic plates [8]. These X-ray flash studies typically focus on tracking the
projectile over time (e.g. depth of penetration, penetrator erosion) and are not optimized for tracking damage development
in the target. They still prove useful for model validation and refined improved understanding of projectile specimen
interactions, but do not directly elucidate the damage mechanisms that are of interest to this manuscript. In this manuscript 
we present a new experimental configuration that allows for sub-surface damage evolution to be observed during impact 
into an approximate half-space.
2. Experimental Method
Our impact experiments were conducted by launching 6.35mm-diameter glass spheres at velocities of 1-5km/s using the 
vertical gun range at NASA Ames. In order to investigate the failure processes active during the early stages of a
hypervelocity impact, we adapt a specimen geometry similar to that used by Guiberteau et al. [9] in which Hertzian
indentation experiments were conducted along the interface of two bonded plates. The use of two bonded plates allowed for 
the damage accumulation under the indent to be examined postmortem by unbonding the two plates. Our Specimens were
100x100x50mm plates of basalt and Pyrex adhesively bonded together using a transparent epoxy (Loctite E-30CL) to allow 
for the investigation of damage development in regions near the impact site. The configuration resulted in a cube shaped 
specimens 100mm on each edge (Fig. 1(a)). Basalt was chosen as a model geophysical material, and is a terrestrial analogue
for lunar rocks and other rocky bodies in the solar system. Pyrex was chosen because it is an optically transparent brittle
material that has similar dilatational and shear wave speeds (
pyrex
dc 5,647 m/s, pyrexsc 3,460 m/s) compared with the wave
speeds of basalt ( basaltdc 5,880 m/s, basaltsc 3,280 m/s). Furthermore, the densities are similar enough ( Pyrex 2,230 kg/m
3,
basalt 2,874 kg/m3) that the acoustic impedances cZ of the two materials are closely matched. This impedance
matching at the interface ensures that ~97% of the incident energies of the dilatational and shear waves are transmitted 
across the basalt/Pyrex interface, resulting in a mechanical system in which the interface between the materials had minimal
effect on the wave propagation.
Fig. 1. Schematics of: (a) bonded basalt/Pyrex specimen, (b) viewing angle to observe damage through Pyrex.
The specimens were arranged so that the damage front propagating along the basalt/Pyrex interface could be viewed in 
real-time through the transparent Pyrex using ultra-high-speed photography, Fig. 1(b). Fig. 2 shows top (a) and side (b) 
schematic views of the experimental configuration. The specimen and lights are placed on the bottom of the impact chamber
while the high-speed camera (Shimadzu HPV-1) resides outside of the chamber and views the basalt/Pyrex specimen
interface through a window in the chamber. This experimental configuration allows for damage development to be
examined in real-time under conditions where the loading history is well known, as opposed to postmortem evaluation of 
damage [10], where wave interactions lead to complex stress states and the possible modification of damage induced earlier 
in the loading history. This experimental technique is similar to real-time observations of damage propagation in edge-on-
impact experiments on transparent ceramic plates [11], but the cubic geometry is more relevant for impact cratering studies
as it more closely represents impact into a half-space. 
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Fig. 2. Schematic top (a) and side (b) views of the experimental configuration showing locations of lights and high-speed camera relative to the specimen 
(not to scale).
3. Results
Images captured at an interframe time of 2 μs and exposure time of 500 ns during a 2 km/s impact on a basalt/Pyrex
target are shown in Fig. 3. The impact was located on the basalt side at a distance 6 mm perpendicular to the basalt/Pyrex 
interface. Fig. 3(a) was captured 4 μs before impact, and the intact spherical glass projectile can be seen. Fig. 3(b) was
captured at the moment of impact (t = 0 μs) and the projectile can be seen making contact with the upper surface of the
specimen and appears as bright white due to illumination by the impact flash [12]. Fig. 3(d) was captured 10 μs after
impact, and shows the ejecta plume rising from the top of the specimen, as well as some damage below the impact site. The
damage zone is the semicircular region of increased brightness below the impact. The increase in brightness is caused by the
formation and growth of microcracks that reflect incident light back to the camera
Fig. 3. High-speed images captured during a 2 km/s impact on a basalt/Pyrex target. Camera is aligned so that view is through the Pyrex focusing on the
interface between the two materials.
Also shown in Fig. 3(d) are curves corresponding to the dilatational and shear wave packets generated by the impact. The
leading (loading) and trailing (unloading) edges of the dilatational wave are marked by the solid and dashed yellow semi-
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circular lines that expand radially along the basalt/Pyrex interface, respectively. These wave fronts represent the intersection 
of the spherical wave fronts generated by the impact with the basalt/Pyrex interface that expand into the specimen at the 
dilatational wave speed of the basalt basaltdc . The red semi-circular lines denote the locations of the loading (solid) and 
unloading (dashed) fronts of the shear wave packet generated by the impact. These travel at the shear wave speed of basalt 
basalt
sc . Fig. 3(d) shows the zone of damage lags just behind the loading shear wave.  Fig. 3(d) also shows that the dilatational 
wavefronts have reflected from the right specimen boundary and are now propagating back toward the impact site. Fig. 3(e), 
captured 14 μs after impact, shows that the damage zone continues to expand into the specimen. In fact, it appears that 
damage develops in two distinct zones. The first is failure along the interface denoted by the dark grey region directly 
behind the shear loading wavefront. The second zone is the brighter region, which we believe corresponds to damage in the 
Pyrex, which is trailing the unloading shear wavefront (dashed red curve). For early times it is difficult to tell if the damage 
is in the Pyrex or in the basalt. Examining the post-test image of the sample, Fig. 4, reveals that the damage in the basalt is 
much less widespread than in the glass. Furthermore the damage in the basalt directly beneath the impact has a size that is 
approximately the size of the damaged region observed in Fig. 3(d). For subsequent images the extent of the damage zone is 
much larger than what is observed in the postmortem of the basalt, indicating that damage is occurring in the glass at those 
times. We can conclude that damage in the basalt travels no faster than damage in the Pyrex.  
   
 (a) (b) 
Fig. 4. Post mortem image of (a) basalt and (b) glass sides of specimen. The glass side of the specimen has been damaged extensively. The central zone of 
cratering damage in the basalt is roughly the same size of the grey damage region in Fig. 3(d). 
 
We note that there is significant damage to regions under the impact site which have not yet been loaded by tensile waves 
generated by reflections at specimen boundaries. We also note the appearance of several bright regions along the damage 
front just behind the unloading shear wave. These bright regions correspond to regions of localized damage that develop 
- Fig. 3(f). This image was captured 18μs after impact and shows that the 
localization manifests as a roughening of the failure front, where the damage growth rate along the front becomes less 
uniform. These localized regions of damage may significantly affect the response of the system to subsequent wave 
reflections or reloading. 
The high-speed images also show that the areas of damage that form under the impact site are not observed to be affected 
by the dilatational (tensile) waves that are generated by reflections at the lateral boundaries. We believe that this is a result 
of attenuation of the stress wave intensity, which (based on elastic wave propagation) decays linearly with distance traveled 
from the impact site. Additionally, any modification to the damage zone under the impactor may be obscured by opacity due 
to damage nearer the camera. 
The location of the damage front and wave fronts can also be visualized in a two-dimensional time distance plot, shown 
in Fig. 5. Here the radial distances along the interface of the damage front (assumed semicircular) and the dilatational and 
shear waves are plotted as a function of time. Note that because the impact was offset into the basalt, the dilatational and 
shear waves do not intersect at the origin, and the offsets in time correspond to the times the dilatational and shear waves 
take to travel from the impact site to the basalt/Pyrex interface. The curves corresponding to the dilatational and shear waves 
are also non-linear for early times. This is a geometric effect resulting from the lines representing the intersection of the 
spherical wavefronts with the basalt/Pyrex interface, and does not represent nonlinear wave propagation effects. Also note 
that reflections from specimen boundaries are not accounted for in this diagram. 
The black circles in Fig. 5 represent the location of the damage front as a function of time as determined from images 
acquired using a second camera recording at an interframe time if 1 μs. For times less than 4 μs we were not able to clearly 
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identify the boundary of the damage region. We see that initially the damage front travels with the loading shear wave, but 
slows after 6 μs to a nearly constant speed of 1900 m/s. At 12μs after impact, the unloading shear wave overtakes the 
damage front which seems to correlate with the onset of instabilities in the failure front.
4. Discussion
The experimental results show that significant damage accumulates under the impact zone before the arrival of tensile
reflections from the lateral boundaries. This highlights the need for material models that are able to capture the damage
accumulation under the stress states (compression and shear) that dominate the early times of impact processes, as well as
modification of previously damaged regions subjected to subsequent loadings. In other words, material models used for 
impact simulations need to capture the entire history of the impact event and account for multiple modes of damage growth.
To that end, the detailed evolution of damage captured by our experiments provides a useful tool for material model
development for application to a wide array of impact events.
We also observe that the location of damage with respect to time does not track with the initial compression resulting 
from the dilatational wave front. The highly triaxial compressive stress state associated with this wave may suppress
damage growth due to brittle microcracking which is often the dominant damage mechanism in low-porosity brittle solids. 
For material systems with significant porosity, damage growth due to pore compaction may be an active mechanism that
may correlate with the compressive deformation of the dilatational wave.
Fig. 5. Radial distances from impact location of damage front, dilatational loading wave front, dilatational unloading wave front, shear loading wave front
and shear unloading wave front as a function of time after impact.
The observations also indicate that the damage front initially travels with the loading shear wave but it quickly slows to a
nearly constant speed of 1,900 m/s. The development and propagation of a damage front in glasses has been observed by
several researchers under various loading conditions such as: uniaxial strain compression (plate impact experiments) [13],
uniaxial stress compression (rod impact experiments) [14], plane stress compression (edge-on-impact experiments) [5], and
general 3-D stress states (rod-on-block impact) [15]. In all cases the researchers observed the damage front to travel at 
speeds less than the dilatational wave speed. The velocity at which this damage front traveled was dependent upon impact 
velocity, material composition, and was most sensitive to the stress state generated by the impact.  Experiments with low 
triaxiality (rod and edge-on) showed the highest damage propagation speeds (~5000 m/s) while states of higher stress
triaxiality resulted in slower propagation speeds (~2000 m/s in plate impact experiments).
Forde et al. [15] impacted Pyrex blocks with a cylindrical steel impactor at velocities near 500 m/s; similar to our 
experiments in terms of loading conditions and material used. By using schlieren imaging, they were able to observe the
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elastic dilatational wave traveling through the specimen as well as a trailing damage front. The damage front velocities in 
their impact experiments were measured to be in the range of 1,800-2,000 m/s, very similar to our measured speeds.  
Our experiments indicate that the damage front initially expands as a diffuse zone but later evolves into distinct localized 
zones. Similar phenomena have been observed in edge-on-impact experiments on glass [5] and a transparent ceramic 
(AlON) [11]. For the edge-on-impact experiments on both materials, damage localization occurred before the arrival of the 
shear wave packet. This indicates that the damage localization occurs much later in our experiments, which is likely a 
consequence of the higher levels of lateral confinement developed in our experimental configuration. 
5. Conclusions 
We have conducted hypervelocity impact into a basalt/Pyrex target that allowed for the evolution of damage to be 
observed in real-time using high-speed photography. This experimental geometry closely replicates impact into a half space 
and provides useful information related to the development of damage in impact cratering events. The results show: 
 Significant damage occurs under the location of impact before the arrival of tensile waves reflected from the 
specimen boundaries. 
 A diffuse hemispherical damage zone is developed below the impact site and expands into the glass side of the 
target at a near constant speed of 1900 m/s (slower than the dilatational and shear wave speeds). 
 The diffuse damage zone transitions to localized regions of damage as the unloading shear wave overtakes the 
damage front location. 
The type of experiment described above illustrates the need for brittle material models that account for failure under 
compression and shear in addition to tension. They also provide insight into the failure processes active during an impact 
event and can be used for validation of numerical codes used to study impact events. 
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